One cause of obesity and related diseases like type-2 diabetes is overconsumption of cereal foods with readily available carbohydrates, resulting in hyperglycaemia and ultimately insulin resistance. A strategy to combat this is to modulate glycaemic response through starchy cereal foods that have low glycaemic index (GI) because their starch is less available to digestion. In cereals, many factors can limit accessibility of amylase to the starch. Of these, intact pieces of endosperm, high levels of oat or barley β-glucan and high amylose starch are probably the most important. Starch accessibility in cereal foods is also greatly affected by processing. Heat-moisture thermal processing at low moisture above glass transition temperature, but below gelatinization temperature is probably the most effective processing technology to reduce starch availability. Formation of starch-lipid complexes also appears promising. Whole grain (milled whole kernel) cereal foods are intrinsically low GI but may have a long-term role in preventing obesity and type 2 diabetes through their phytochemicals, particularly polyphenols. A novel approach is to structure starchy cereal foods to deliver their carbohydrate at the distal end of the gastrointestinal tract to trigger the ileal and colonic brakes feedback systems so as to enhance satiety and hence decrease energy intake.
Introduction
The world is facing a pandemic of obesity-related diseases, in particular type 2 diabetes and cardiovascular diseases. For example, in the USA some 34.9% of adults are obese [1] . The prevalence of diabetes, hypertension and dyslipidaemia among US adults is approx. 18.5%, 35 .7% and 49.7% in those who are obese compared to 5.4%, 19.8% and 28.6% in those of normal weight [2] . Obesity rates in low and middle income countries have also been growing rapidly, on average 0.7 percentage points per year [3] . In 2011, on average 19% of rural women and 37% of urban women were overweight or obese in these countries [3] .
One widely accepted thesis as to why obesity is increasing rapidly across the world is that there has been a huge increase in passive consumption of "high energy" foods [3, 4] . It has been blamed on changes in the global food system due to the rise of "big food" companies, which has facilitated the wide availability of more processed, affordable, and effectively marketed food [3] [4] [5] . US food consumption data supports this as it indicates that cereal-based foods contribute some 19% of the calorific intake of Americans, with the major cereal food items being refined flour products, including cakes, cookies (biscuits), quick breads (muffins), pastries, pies, crackers and pretzels [6] . Carbohydrates are the major source of calories in these foods, followed by fats and proteins [6] .
The carbohydrates in cereal grains comprise: starch, non-starch polysaccharides including cellulose, pentosans such as arabinoxylans and β-glucans, and small amounts of simple sugars and oligosaccharides [7] . Quantitatively, starch is by far the largest component.
Carbohydrates can be classified as to whether they are blood glucose raising after digestion, referred to as glycaemic carbohydrates, or non-glycaemic [8] . The non-starch polysaccharides, the cell wall materials in cereal foods are non-glycaemic. Simple sugars, oligosaccharides and dextrins are glycaemic and the starch in cereal foods is predominantly glycaemic. However, the extent to which the starch is available to digestion in cereal grains and foods is dependent on many intrinsic and extrinsic factors [9, 10] .
An area of great current interest is to modulate (limit) the availability of the energy supplying macronutrients in cereal foods to digestion and availability, in particular the starch [9, 11] .
The major aim is to reduce calorific intake and hence reduce the incidence of obesity, which should in turn reduce the incidence of obesity-related diseases. Also, the consumption of low glycaemic index (low GI) cereal foods has been more directly associated with prevention and alleviation of type 2 diabetes [12] .
This review firstly briefly examines how starch is digested in cereal foods and the importance of the degree and rate of digestion, and measurement of the resulting glycaemic response. It then focuses on how cereal grain structure and chemical composition can influence the availability of the starch to digestion and on research into the effects of processing cereal foods on limiting starch availability. In parallel, the impacts of these cereal grain factors, processing and modifications on glycaemic response in vitro and in human studies are evaluated. The review concludes with some remarks on future avenues to curb obesity and prevent type 2 diabetes with respect to starchy cereal foods. 
Starch digestion in the gastrointestinal tract
As indicated, starch from cereal grains still makes up the bulk of glycaemic carbohydrates consumed [13] . Cereal starch is digested throughout the gastrointestinal tract. In the mouth, the salivary glands produce lingual α-amylase [14] . It is the most abundant protein in the saliva and the most important enzyme involved in the initial digestion of starch [15] . On average, only about 5% of starch is digested in the mouth [13] . However, it has been found that α-amylase can play a major role in the digestion of cereal foods, hydrolysing 50% of bread starch and 25% of pasta starch during the short chewing time (19-27 s) [16] . Other research has shown that high endogenous salivary α-amylase activity is associated with improved glycaemic homeostasis [17] . Individuals with high α-amylase concentrations in their saliva may be better adapted to consume starches, whereas individuals with low α-amylase concentrations may be at greater risk for insulin resistance if chronically consuming starch-rich diets [17] . Interestingly, a significant association of a multi-allelic copy number variant encompassing the ligual amylase gene (AMY1) with body mass index (BMI) and obesity has recently been identified [18] . Increased AMY1 copy number was positively associated with both amylase gene expression and serum enzyme levels, whereas reduced AMY1 copy number was associated with increased BMI and obesity risk.
While the low pH environment of the stomach reduces α-amylase activity by approximately 70%, starch hydrolysis still continues and some 15% of the total starch (10% digestion in stomach plus 5% in the mouth) in a meal is digested by the lingual α-amylase [13] . Gastric emptying is a major determinant of starch digestion. Slower gastric emptying reduces the mass transfer of chyme (and starch) into the small intestine [19] . In the small intestine, pancreatic α-amylase continues the starch hydrolysis. Although α-amylase rapidly hydrolyses 2. Starch digestion and glycaemic response 5 starch molecules to small oligosaccharides and dextrins, it does not produce much glucose [13] . In the small intestine enzymes including α-limit dextrinase, glucoamylase, maltase, sucrose and isomaltase, are responsible for the breakdown of the dextrins and oligosaccharides into glucose [13] [14] [15] . Glucose can be absorbed by the epithelial cells throughout the small intestine. The resulting increase in blood glucose causes the release of insulin, which stimulates glucose transport into various cells 20]. After consuming starch, the rate and quantity of glucose absorption together with the insulin response over time (normally 2 hours) is regarded as the postprandial glycaemic response [21] . According to the International Diabetes Federation, postprandial hyperglycaemia is defined as a plasma glucose level > 7.8 mmol/l (140 mg/dl) two hours after the ingestion of food [21] .
Postprandial hyperglycaemia has been implicated in the development of chronic metabolic diseases like obesity, type 2 diabetes and cardiovascular disease [21, 22] . A number of studies have confirmed that hyperglycaemia (also referred as glucose toxicity) can also lead to insulin resistance, but the precise mechanism/s of action is not known [20] .
Measurement of carbohydrate availability in foods
The glycaemic index (GI) of a food, first defined by Jenkins et al. [23] , is widely used to estimate in vitro or express in vivo the effect of available carbohydrates in a food on the glycaemic response. The GI represents a measure of the average concentration of glucose in the blood following consumption of a test food, ingredient or meal (usually containing 50 g available carbohydrate), over a set period of time (usually 2 hours), and is expressed relative to a standard or reference food, normally glucose or white bread [24] . Despite its very wide use, the GI assay has considerable limitations. GI values for the same foods from different 6 laboratories can differ, often as a result of intra-and inter-subject variations [25] . Also, GI does not take into account the insulin response [25] . Further, it has also been found that GI does not seem to show dose response effects in respect of health factors [26] .
Concerning the food, GI does not take into account that serving sizes differ for different food products [25] . Glycaemic load, however, relates the GI to the amount of available carbohydrates in a serving or amount consumed, and thus refers to the total exposure to postprandial glycaemia over a specified time period [24] . GL can thus be used as an indicator of insulin demand [24] .
The different starch fractions in a cereal grain or meal, usually measured by in vitro assay, are commonly categorised as rapidly digestible starch (RDS), slowly digestible starch (SDS) and resistant starch (RS) [27] . RS is starch that is resistant to enzymic hydrolysis in the small intestine [28] . Since starch digestion follows a first-order kinetic reaction, the division of the starch into RDS and SDS fractions on the basis of a slowing in the digestion rate as the reaction proceeds has been criticised. It has been found that the starch digestion rate naturally becomes slower because the concentration of substrate decreases [29] . The logarithm of slope (LOS) has been applied to starch digestibility data curves to identify and quantify nutritionally important starch fraction; rapid and single/slower digestible starch phases [29, 30] . A major benefit of the LOS approach is that the contribution of each phase to total starch breakdown can be calculated [30] .
In general, cereal starch is rapidly digestible, and the resulting glucose is absorbed promptly in the upper section of the small intestine. This, together with the high starch content (and thus GL) of cereals, has great potential to result in an excessive postprandial glycaemic 7 response [26] . Consumption of high GI and GL cereal foods by individuals who are insulin resistant can result in postprandial hyperglycaemia [21] . However, contrary to common belief, low GI foods are not always slow digesting with a modulated glycaemic response (Fig.   1B ), for example when the rapidly digestible starch is replaced by added protein or insoluble dietary fibre [27] .Conversely, slowly digestible starchy cereal foods with a modulated blood glucose curve (Fig. 1C) , such as sorghum-based foods (see under 3.4), could be calculated to have a relatively high GI [27] . Accordingly, an extended GI (EGI) has been proposed, which can be used to specify the extent of glucose release over a prolonged time period [27] .
Although SDS is a major topic of research, its exact locations of digestion and absorption in the small intestine is not known [13] . Nevertheless, the resulting modulated postprandial glycaemic response of SDS and the slow energy release have been shown to contribute to increased mental performance and have been associated with reduced risk of diabetes and cardiovascular disease [31, 32] .
Resistant starch in cereal foods passes through the small intestine undigested and undergoes microbial fermentation in the colon [14] . The products of RS fermentation in the colon include short chain fatty acids, which promote colonic health. There is evidence that RS in the diet aids in blood glucose regulation and promotes growth of beneficial bacteria in the colon and that consumption of RS may even reduce the risk of colonic cancer [14] .
A systematic review and meta-analysis of published research on the relationship between dietary glycaemic properties and health outcomes concluded that reductions in GI and so GL do in fact improve glycaemic control [26] . However, importantly, it was also observed that for optimal diabetes control, the evidence points toward the need for foods that have both a low glycaemic impact (independently of fat intake) and foods that are high in unavailable carbohydrates. [26] . Cereal foods with low GI and GL would very often also be high in unavailable carbohydrates such as RS and fibre, as is discussed below.
Influence of cereal grain structure and composition on starch digestion

Whole grain
Of particular importance with respect to modulating glycaemic response when cereal foods are consumed is RS type 1 -physically inaccessible starch [33] . In cereals, starch that is isolated in intact endosperm cells is the most common RS1 form. Intact cells limit amylase enzyme access to the granules. The most extreme form is "whole grains", or far more correctly, intact grains. In multigrain breads, for example, the structure of the intact grain is an important factor determining amylase availability and hence metabolic response [34] . The subject of whole grain cereal foods is, however, very vexed as the term "whole" grain is used to describe both intact grains (kernels/caryopses) and ground grain comprising all the anatomical components of the caryopsis. AACC International define whole grains as "consisting of the intact, ground, cracked or flaked caryopsis, whose principal anatomical components-the starchy endosperm, germ, and bran-are present in the same relative proportions as they exist in the intact caryopsis" (www.aaccnet.org).
Not surprisingly, there is considerable confusion concerning the influence of "whole grain" on the rate of starch digestion. The various forms of whole grains listed by AACC International differ substantially in terms of their GI when in the form of a food such as bread (Table 1) . Notably, bread made from whole-meal (essentially whole wheat grains ground into a flour) has the same GI has bread made from white flour (essentially finely milled starchy endosperm). In fact, most "whole grain" cereal products including breads and breakfast cereals and other processed foods have a GI of over 70 [35] . The reasons that bran does not reduce GI and starch digestibility are complex. They may be related to the necessity to prepare the products with higher levels of water because of bran water absorption, which may increase starch water absorption during baking [36] . Thus, the suggestion that foods make from whole grain cereals, e.g. sorghum and pearl millet, have low GI due to their apparently high insoluble dietary fibre content [37] , should be treated with caution.
Fibre
The effects of adding fibre on the GI of cereal foods such as bread is not clear, as both the nature of the fibre (insoluble and soluble) [38] and health status of the consumer (healthy or diabetic) seem to play a role (Table 1) . Concerning cereal fibre type, uniquely, the starchy endosperm cell walls of oats and barley, confusingly referred to as oat or barley bran [39] , predominantly comprise mixed linkage β-glucans ((1→3, 1→4)-β-D-glucans), and are form of soluble fibre [40] . These β-glucans have been the subject of intense research in respect of their serum cholesterol and glycaemic response attenuating properties [41] . With breads made with wheat flour, barley flour and barley β-glucans, there was a linear dose-related decrease in glycaemic response with bread β-glucan content [42] . The best mechanistic theory is that the reduction in glycaemic response is related to high viscosity imparted by the β-glucans, similar to guar gum [41] . In vitro assay and clinical trial indicate that this property of β-glucan limits starch digestion [43] . However, is unclear whether limited starch digestion is due to the β-glucans' high affinity for water reducing hydration of the starch granules or whether the highly concentrated β-glucan phase in the food inhibits amylase accessibility 13 [43] . Modification of other cereal non-starch polysaccharides may make them also behave like β-glucan. Increasing wheat arabinoxylan (wheat endosperm cell wall non-starch polysaccharides [40] solubility in wholemeal wheat bread by sourdough fermentation decreased postprandial glucose and insulin response [44] .
However, of particular note is the observation that rolled oats, the richest natural food source of β-glucan, 4% dry basis, is not a low GI food [41] . The above described findings of lowering glycaemic response were achieved by adding additional β-glucan to foods. Even doing this does not necessarily lead to a positive outcome. In a study of the effects of an energy restricted diet on weight loss in mildly overweight women, supplementation with β-glucan did not enhance weight loss [45] . Nevertheless, a metanalysis of data from human studies involving consumption of oat and barley containing products indicated that consumption of intact grain products and of processed grain products containing at least 4 g β-glucan and 30-80 g available carbohydrate can significantly reduce postprandial blood glucose [46] .
Intact grains
Concerning cereal foods containing intact cellular tissue, as opposed to being made solely from flour, breads made white flour plus intact, or crushed wheat grains, have significantly lower GIs (Table 1) . Similarly, traditional African maize porridge has a low estimated GI, in part because much of the starch is isolated in intact cells [47] . Starch digestion is directly related the size of the particles of cereal grain. For example, with sorghum in vitro starch digestion by α-amylase was found to proceed by diffusion based on an inverse square dependence on average particle size, over the approx. range of 120-560 µm investigated [48] .
Even the smallest particle should contain some intact cells, since starchy endosperm cells in sorghum and wheat vary between approx. 60-150 µm across [49, 50] .
The nature of the cell walls in cereal particles does not seem to impact strongly on starch digestion. A comparison between the rates of starch digestion of barley and sorghum grain revealed that digestion rate was dependent on particle size in both cereals and that the rate of digestion was considerably slower with sorghum [51] , despite the β-glucans in barley.
Endosperm type and endosperm protein
Some cereal grains, notably maize and sorghum, have two types of starchy endosperm, a dense outer corneous (vitreous) endosperm where the starch granules are tightly embedded and a much less dense inner, floury endosperm where the starch granules are loosely packed [52] . The relative proportion of the two endosperm types is genetically controlled [53] and influenced by environment. It has been well described in in vitro studies and animal feeding trials that the rate of starch digestion in maize [47, 54] and sorghum [55] is inversely related to kernel corneousness.
With sorghum, there is strong evidence that a disulphide bond cross-linked matrix of kafirin prolamin proteins and other storage proteins in the corneous endosperm limits starch digestion, particularly when the grain is subject to wet cooking [55] [56] [57] [58] [59] . The probable mechanism is through the protein matrix limiting starch granule expansion during cooking [59] . Despite this, it is not clear cut as to whether sorghum is low GI. Even when the effects of sorghum products on GI measured in human subjects were compared directly with the same products made from wheat, one study showed no difference [60] and another that the 15 sorghum products had lower GI [61] . There were, however, important differences in methodology in respect of whether the subjects were healthy or had non-insulin dependent diabetes and with respect to whether the bran content of sorghum and wheat food products were the same.
Wheat pasta is well known as a low GI food, and typically has a GI of <50 [62] . The reason is, however, not known and numerous theories have been proposed to explain the slow hydrolysis of its starch [63] . At least two theories concern the role of the gluten protein matrix. Thermally induced cross-linking of the gluten during pasta drying could tightly encapsulate the starch granules, limiting their water absorption during cooking [64] .
Alternatively, the complex gluten network could result in a tortuous path for amylase accessibility [65] .
Starch
The size and nature of the starch granules differ between cereal species. Wheat, barley, rye and triticale have two types of starch granules, large lenticular shaped A granules and smaller spherical B granules [66] . Below gelatinisation temperature, small granules in wheat, barley, triticale and maize were initially digested more rapidly by α-amylase [67, 68] . However, over time the rate of digestion of larger granules became more rapid. In certain cereal species, notably rice, teff and finger millet, some starch granules are compound, comprising a large structure of tightly packed small granules [69, 70] . With native (raw) compound granules, amylolysis is may be restricted due reduced capacity of the amylases to bind to the granule surface [66] . However, it is doubtful whether the factors of starch granule size or compound granules have a significant impact on the GI of cereal foods when digested by humans as the 16 starch has normally been gelatinised, i.e. in an amorphous (not semi-crystalline) state [71] ,
and it is present in a food matrix.
The most important intrinsic starch factor that limits hydrolysis is the high amylose trait. An in vitro study showed that below gelatinisation temperature, high amylose maize starch (69.7% amylose) was hardly hydrolysed (<10%) over 72 hours, whereas normal maize starch was >90% hydrolysed [68] . Human studies have shown that consumption of diets containing added high amylose starch modulates glycaemic response [72, 73] . In a study with healthy subjects, inclusion of high amylose maize starch in bread reduced its GI to a similar level as spaghetti [73] . Promising results have also been found with newly developed high amylose rice using a rat animal model [74] .
Antinutrients
Antinutrients in cereals can limit starch hydrolysis. Probably the most important are the polyphenolic condensed tannins (proanthocyanidins and procyanidins), located in the testa (inner bran layer) of tannin-type sorghum and finger millet varieties [75] . However, research findings as to whether such tannins inhibit starch hydrolysis in foods from these grains are contradictory. With porridges made from sorghum endosperm, bran [76] and bran extracts [77] from tannin sorghum decreased in vitro starch digestibility and estimated GI, and increased RS. However, other work has shown that with cooked whole grain sorghum flours there was no correlation between tannin content, nor tannin molecular weight with RDS, SDS or RS [78] . This is somewhat surprising since it is well established that sorghum tannins inactivate amylases [79] [80] [81] . Also, they have been shown to bind strong strongly to starch, especially strongly with amylose, and reduce its digestion [82] .
Concerning the possible effects of non-tannin polyphenols, a study with human subjects where purple (anthocyanin-rich) wheat bran was added to wheat bread did not reveal any difference in GI or starch digestion to bread with normal wheat bran added [83] . Further, the starch digestion rate of both bran-enriched breads was considerably higher than that of pasta with added normal wheat bran [83] .
Phytate, the primary storage form of phosphate in grains and a chelator of essential minerals in foods [84] , located in the aleurone and germ of cereals [85] , can reduce blood glucose response in human subjects [86] . Several mechanisms of action of phytate have been proposed, including direct binding with the starch by hydrogen bonding, binding to proteins associated with the starch and possibly complexing of Ca 2+ ions to inhibit α-amylase [84] .
Influence of cereal food processing technologies on starch digestion
Cereal grains and flours are not consumed raw but are generally thermally processed into foods such as porridge, bread, ready-to-eat breakfast cereals and fermented foods. It is well known that starch digestibility and GI increase from raw to processed foods. This is because native starch exists as a semi-crystalline structure and becomes gelatinised and pastes to produce an amorphous material that can be rapidly digested by the human salivary α-amylase [87] .
Heat processing technologies affect the rate of starch digestibility and can modulate GI [88] .
Wet heat processing (cooking in excess moisture) such as boiling and pressure cooking increases the GI of cereal foods by reducing the levels of SDS and increasing starch digestibility [89, 90] . However, one needs to be careful when assessing the effect of wet heat processing, as post-processing effects such as cooling can promote retrogradation to form RS type 3 (retrograded starch) [11] and this can reduce the food's GI [91] . Wet heat processing has been found to increase RS as well as reduce RS in various cereal foods and this was largely attributed to differences in methods of RS assay [11] . Nonetheless, changes in RS after heat processing are a consequence of the cooling conditions, and subsequent reheating and cooling cycles [92] .
Thermal processing -low moisture
Heat processing under low moisture content can produce low GI or high GI cereal foods, depending on the mechanical energy applied. Biscuits (cookies) are low moisture short baking cereal products with low mechanical energy applied during dough making.
Comparison of the GIs of several cereal products revealed that a plain biscuit had an estimated GI of 47, considerably lower than that of an extruded breakfast cereal, GI of 65 [93] . The authors also showed that the biscuits taken at breakfast contained SDS to modulate the glucose availability for the first part of the morning. Similarly, sweet plain biscuits had GI of 40-50 [94] . It was suggested that high RS in the biscuits was as a result of limited gelatinisation due to the low moisture of the biscuit dough, more sugar bound water and short baking time. These authors further found that were negative correlations between both fat and protein content and GI and suggested that these macronutrients can reduce enzyme accessibility to the starch [94] .
Thermal processing -high moisture
Extrusion cooking is a low moisture, short time heat processing under shear and pressure.
The mechanical energy input in addition to the thermal energy under pressure can depolymerise starches to low molecular weight dextrins. For example, extrusion reduced the amount of RS in rice cultivars of different amylose content and increased GI [91] . This resulted in formation of high GI products as their starches were rapidly digestible. Similarly, extrusion followed by flaking of both barley and oats resulted in products of similar GI to white bread [95] . In contrast, micronisation (a short heat processing technology with infrared heating) produced barley and oat products of lower GI, 66 [95] . It was suggested that extrusion followed by flaking gave smaller and uniform particle sizes during mastication compared to a heterogeneous and larger particle size with micronisation.
Microwave cooking can increase the starch digestibility of cereal foods such as baked poundtype cake [96] and freshly cooked rice [97] when compared to conventional baking and cooking. This effect of microwave cooking is suggested to be due to a greater heat penetration of the microwave energy. However, after storage the microwave cooked rice and the pound cake both had a lower starch digestibility as a result of increased RS3 compared to freshly baked products [96, 97] .
Heat-moisture treatment is another type of low moisture-high temperature heat processing.
These are low moisture (<35%) heat processing above the glass transition temperature, but generally below the gelatinisation temperature [32] . Heat-moisture treatments do not alter the starch granular structure, but affect the molecular structure by increasing the crystallinity and packing of molecules in the granule [98] . This low moisture heat treatment has been shown to decrease starch digestibility in germinated brown rice [99] and foxtail millet flour [100] . 
Non-thermal processing technologies
Non-thermal energy processing such as gamma-irradiation can increase or decrease GI depending on dose. A reduction in in vitro starch digestibility of raw and cooked maize-bean composite flours was found when the raw flour was subjected to gamma-irradiation doses >2.5 kGy, but the digestibility was higher at 2.5 kGy [101] . Similarly, a decrease in molecular weight of normal and waxy maize starches was found from 5-20 kGy, but the RS increased [102] . The increase in RS can be due transglucosidation [103] , which causes the formation new bonds without disrupting the starch granular structure.
Sourdough fermentation (mixed bacteria and yeast fermentation) is used to produce many traditional cereal food products [104, 105] . It was found that the in vivo GI of sourdough wheat bread was approx. 54 compared to about 72 for regular wheat bread [106] . Similarly, barley bread containing lactic acid had reduced GI compared to bread without lactic acid [107] . The lactic acid was added to simulate a sourdough fermentation product. Moreover, healthy individuals who ate bread containing lactic acid still had a lower glucose response after eating a high GI lunch [107] . It has been suggested that lactic acid formed during sourdough fermentation lowers the rate of starch hydrolysis, and propionic and acetic acid formed lowers gastric emptying rate [106] . It has also been proposed that sourdough fermentation increases interaction between starch and proteins [108] , and, as mentioned, can increase soluble arabinoxylans [44] .
Lipids, more specifically fatty acids, can interact with starches to form amylose-lipid complexes [109] and this can be enhanced during wet heat processing [110] . The molecular structure and the semi-crystalline nature of amylose-lipid complexes can reduce starch digestibility. When various fatty acids were allowed to interact with starches during processing, they reduced the enzymatic hydrolysis of amylose [111] . It has been found that stearic acid can reduce and slow the hydrolysis of maize and teff starches by thermostable α-amylase when starch is cooked with the fatty acid [110] (Fig. 2) . This is shown by a slower decrease in viscosity during hydrolysis and a higher final viscosity of the starches complexed with fatty acids (Fig. 2) . These starches were pasted for 30 and 120 min. The reduction in hydrolysis increased with increase in pasting time. It was suggested that the amorphous type I amylose-lipid complexes formed during short pasting are more prone to hydrolysis compared to semi-crystalline type II amylose-lipid complexes formed during extended pasting. It is also suggested that as stearic acid increased the paste viscosity this may also play a role limiting starch digestion. Notwithstanding the effect of amylose-lipid complexes on starch digestibility, most research has been done on formation of starch-lipid complexes of starches rather than in cereal-based foods. In fact, a considerable decrease in GI of corn tortilla with addition of flax seed oil has been found [112] . Amylose-lipid complexes could well have been responsible, although these were not characterised.
Conclusions and future directions
Whole grain cereal foods made from flour are not per se low GI. Glycaemic response in cereal foods can, however, be modulated by rendering the starch physically or chemically less available to digestion. Foods containing intact pieces of cereal endosperm, high levels of
Formation of starch-lipid complexes
Figure 2. Effect of thermal stable alpha-amylase hydrolysis on viscosity of teff and maize starches pasted for 11.5 and 130 minutes at 90°C with or without added stearic acid (1.5% with respect to starch). R eproduced with permission from [110] .
oat or barley β-glucan and high amylose starch lower glycaemic response. Heat-moisture thermal processing is probably the most effective processing technology and formation of starch-lipid complexes appears promising. A general problem, however, is that many of the research findings are contradictory. There is a clear need for more rigorous research standards, for example uniform GI methodology and detailed physical and chemical characterisation of the cereal foods.
Even if whole grain cereal foods are not intrinsically GI, they may nevertheless have a longterm role in preventing obesity and type 2 diabetes through the action of the phytochemicals that are present [113, 114] . Several mechanisms have been proposed that involve prevention of oxidative stress and low grade inflammation by phenolic compounds [115, 116] .
Polyphenol-rich extracts have been shown to also inhibit glycogen synthesis in rats with drug-induced diabetes [117] . Magnesium, which is present in substantial amount in whole grain cereal foods (wholewheat bread 70 mg/100 g [118] may also have important actions. It has been shown to increase insulin secretion and blood glucose clearance in human subjects [113] .
Perhaps the most intriguing obesity prevention research area are the "ileal and colonic brakes". There is evidence that protecting normally digestible macronutrients, including starch, so that they reach the ileum, the most distal part of the small intestine, or the colon, triggers the physiological feedback loops referred to as the ileal and colonic brakes, which suppress hunger and food intake [13, 119] . A recent clinical trial where subjects received ileal infusions of glucose has shown for the first time that carbohydrates delivered to ileum can enhance satiety and hence decrease energy intake [120] . If proven, starchy cereal foods could potentially be structured using some of the technologies described in this review so that their carbohydrate triggers these feedback systems.
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